and Drug Administration for the treatment of glioma in conjunction with other chemotherapeutic agents, particularly irinotecan and carboplatinum. 7, 21, 30 Bevacizumab treatment has been shown to have a wide range of effects based on its binding to soluble VEGF, thus reducing the activation of the VEGF signaling pathway. 10 During Phase I clinical trials in patients with rectal carcinoma, treatment with bevacizumab in combination with chemotherapy resulted in a significant reduction in tumor microvessel density (MVD) and tumor blood volume. 21 Bevacizumab has also been shown to have some degree of success in the treatment of recurrent gliomas. 6 In newly diagnosed gliomas, however, bevacizumab produced a significant improvement in progression-free survival but no significant improvement in overall survival compared with that of historic controls. 24 Thus, systemic administration of bevacizumab alone or in combination with irinotecan has exhibited limited effects on glioma progression without significant overall survival improvement in recurrent and newly diagnosed tumors. 12, 19 We hypothesize that convection-enhanced delivery (CED) of bevacizumab is more effective than other types of administration because the location of bevacizumab's interaction with VEGF is critical. VEGF is secreted by glioma cells and is present in the interstitial spaces of the tumor. It interacts with endothelial cells via VEGF receptors (VEGFRs) on the luminal side of the blood vessel, which causes the blood vessels to dilate and opens up the tumor-blood interface. 16 Intravenous (IV) bevacizumab works by preventing VEGF from binding to the VEGFR on the endothelial cells. The question is, does bevacizumab work more effectively to bind to and eliminate the VEGF secreted by glioma cells when it is delivered into the interstitial space?
Moreover, although bevacizumab has been successful in initially inhibiting blood vessel growth and endothelial cell proliferation, continued long-term exposure may result in gliomatosis cerebri. 17 Further complications of the systemic administration of this agent are increased risks of renal toxicity, poor wound healing, deep venous thrombosis, and hypertension. 17, 19 On the basis of these clinical problems that potentially result from systemic administration, we tested whether chronic administration of bevacizumab intratumorally (IT) (i.e., CED) has beneficial effects in an in vivo xenograft model. The hypothesis of this study is that CED of bevacizumab is more effective than IV administration for slowing tumor progression and for animal survival.
methods cell culture and Therapeutic drugs
Human glioma cells (U87 or U251) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin and incubated in 5% CO 2 . Bevacizumab (Avastin) (Genentech, Inc.) and irinotecan (Camptosar , Pharmacia Union) were purchased from the USC/Norris Comprehensive Cancer Center pharmacy. Bevacizumab and irinotecan have been approved by the US Food and Drug Administration for clinical use.
A 28-day sterile Alzet micro-osmotic pump (model 1004) was used in these experiments. The Alzet pump has a reservoir volume of 90 μl and a delivery rate of 0.11 μl/hour. The brain infusion kit, which includes the pump and distribution tubing, was purchased from the Durect Corporation.
In Vivo procedure for Tumor cell Implantations
The animal protocol was approved by the institutional animal care and use committee of the University of Southern California. All the mice were maintained in a pathogen-free environment throughout the experiment. Briefly, each athymic nu/nu mouse (Harlan, Inc.) was anesthetized with 10 mg/kg ketamine-xylazine and fixed into a stereotactic head frame (Harvard Apparatus). A 1.5-mm bur hole was drilled 1 mm anterior to the coronal suture on the right hemisphere and 2 mm lateral from the midline. A Hamilton syringe fixed onto the head frame was used to inject human glioma cells (2 × 10 5 /5 μl) into the right frontal lobe of the brain. The skin incision was then closed with 4-0 silk thread. Appropriate medications were provided to reduce pain.
In Vivo procedure for Alzet micro-Osmotic pump Implantations
Seven days after the tumor cell implantations, an Alzet pump was implanted into each mouse. Before implantation of the pump, the Alzet micro-osmotic pump was filled with the desired dose of reagent. In addition, a plastic tube primed with the agent was used to connect the brain infusion kit (Durect Corporation) to the brain. The assembled delivery system was stored at 4°C overnight before implantation. Bevacizumab was delivered into the tumor using chronic pump-mediated delivery, defined as "convection-enhanced delivery" or CED. This CED method was used because it has the advantage of achieving the desirable drug concentration in the microenvironment of the glioma while avoiding the use of high initial doses.
To anchor a pump to each animal, an incision was made in the scalp along the previous surgical scar. The caudal edge of the incision was pulled, the connective tissues were separated, and a subcutaneous tunnel was prepared. The Alzet micro-osmotic pump was pushed backward to adjust the location of the brain infusion kit directly above the hole in the skull previously drilled for tumor cell implantation. The infusion kit (plastic tubing) was inserted gently into the formed tumor. The plastic platform end was fixed onto the skull using instant super glue. The area around the skin incision was sterilized and sutured with 4-0 silk thread. The contents of the Alzet microosmotic pump were released into the tumor at a rate of 0.11 ml per hour. The treatment given to the animals (n = 5) was as follows: 1) vehicle (IgG), 2) IV bevacizumab, 3) CED bevacizumab, 4) irinotecan, 5) IV bevacizumab plus irinotecan; or 6) CED bevacizumab plus irinotecan. IV injections were given through the tail-vein route. The irinotecan was always administered intraperitoneally (IP) at a dose of 12 mg/m 2 or 4 mg/kg (in saline) on Days 1-5 and 8-12. Equivalent doses of bevacizumab were either administered by IV injection at 10 mg/kg once every 14 days (2 injections in 28 days) or delivered continuously by direct CED infusion (Alzet micro-osmotic pump) for 28 days, resulting in a total dose of bevacizumab of 0.8 mg. After treatment was completed (28 days), the animals were maintained without any treatment until they died spontaneously or were killed because of the tumor burden. Animals treated with vehicle received CED of saline using the Alzet micro-osmotic pump as described above.
Immunostaining
Frozen mouse brain tumor tissues were sectioned at 8 μm, fixed in acetone, washed in phosphate-buffered saline, and blocked with Sea Block (Thermo Scientific). The sections were stained with anti-CD11c or F4/80 (Abcam). Subsequently, the tissues were incubated with corresponding secondary antibodies (Vector Laboratories) for 45 minutes, incubated with avidin-biotin peroxidase complex (ABC kit; Vector Laboratories) for 30 minutes, and treated with amino-ethylcarbazol substrate for 10 minutes. The samples were counterstained with hematoxylin for 1 minute; a red precipitate indicated positive staining. We included no primary antibody or irrelevant primary antibody for controls. Evaluations for macrophages (F4/80) and dendritic cells (CD11c) were performed at ×200 magnification. The cells were quantified using ImageJ software.
mVd Analysis
Frozen mouse brain tissues were treated as described above using anti-CD31 (PECAM-1) (BD Pharmingen). MVD data were obtained by evaluating 10-20 random fields per tumor at ×200 magnification. Tissues from at least two mice per group were analyzed. MVD was quantified using ImageJ software.
Statistical Analysis
Survival data were plotted using the Kaplan-Meier method. Survival time was calculated from the date of tumor injection to the date of death. The log-rank test was used to determine statistical significance; a p value of < 0.05 was considered significant.
Results

Intracerebral Infusion of Bevacizumab did Not Result in Intraparenchymal hemorrhages in Normal Brains
To test the safety of intracerebral administration of bevacizumab, the agent was administered directly into the brain. Briefly, 0.8 mg (200 μl) of bevacizumab, equivalent to 10 mg/kg one time per 14 days, was injected IV into the striatum of the frontal lobe in normal mouse brains (n = 12). As shown in six representative brain-specimen crosssections ( Fig. 1) , this procedure caused no visible evidence of intracerebral hemorrhage.
cEd of Bevacizumab Increased Survival of glioma-Bearing mice
To determine whether there were any clinical advantages to delivering bevacizumab locally, intracranial tumorbearing mice were given this agent through either CED or the IV route as a monotherapy or in combination with the chemotherapeutic agent, irinotecan (CPT-11). The chemotherapeutic agent was administered via IP route at 4 mg/ kg. Two different glioma cell lines were used to provide evidence for a more general response. In U251 tumor-bearing animals, the results showed that CED significantly (p < 0.002) increased survival ( Fig. 2A) over that of vehicletreated (immunoglobulin G) controls; CED of bevacizumab-treated animals survived 30% (10 days) longer than the controls, whereas there was no significant difference between the control and IV treatments. CPT-11 as a monotherapy was not effective. CPT-11 in combination with bevacizumab enhanced survival of the CED-and IV-treated animals (p < 0.02); however, treatment with CED of bevacizumab combined with CPT-11 prolonged survival longer than IV administration of bevacizumab with CPT-11 (p < 0.002).
In a second experiment using the human glioma cell line U87 (Fig. 2B) , the results revealed that the combination therapy of CPT-11 with CED of bevacizumab nearly doubled the survival times of mice treated with IV bevacizumab and CPT-11. These data confirm that CED of bevacizumab provided a significant survival benefit for the treatment of brain tumors for both monotherapy and combination therapies.
cEd of Bevacizumab decreased Tumor mVd
On the basis of in vivo data indicating that CED of bevacizumab, either alone or in combination with irinotecan, increased animal survival compared with that of systemic (IV) administration, we analyzed tumor tissue samples to determine the potential mechanism(s) responsible for this improved survival. To accomplish this goal, tumor tissues were obtained from animals at the time of death and analyzed. Because bevacizumab is an antiangiogenic agent, we stained the tumor tissues with anti-CD31, a marker for endothelial cells, and quantified the MVD. The staining results (Fig. 3A) showed a marked reduction in the number of blood vessels in the CED-treated animals compared with those in the IV-treated animals. MVD was calculated (Fig. 3B) , and the data show that CED of bevacizumab significantly reduced MVD (p < 0.01) compared with that in the IV group. CPT-11 alone did not have significant effects on MVD. However, combination therapy with either CED of bevacizumab or IV bevacizumab plus CPT-11 significantly decreased MVD (p < 0.0001). The results in the U87 human glioma cell line were similar; CED of bevacizumab was more effective than IV bevacizumab in reducing MVD (data not shown). Chemotherapy in conjunction with bevacizumab caused decreased MVD, which was reflected in the survival.
cEd of Bevacizumab Increased Accumulation of Inflammatory Cells in Tumor Tissues
Inflammatory cells have been shown to play an important role in regulating the host's immune response to a tumor.
14 The proinflammatory responses initiated by macrophages and dendritic cells are key to blocking tumor progression. To test whether there are differences in the inflammatory response as a result of the site of drug administration, tissues were analyzed for the presence of macrophages and dendritic cells. The red precipitate indicates positive staining. Our results show that macrophages were distributed throughout the tumor tissues in all the groups (Fig. 4A) ; however, the number of positive cells in the CED bevacizumab plus CPT-11 cohort was significantly greater than that in the IV bevacizumab plus CPT-11 group (p < 0.002) (Fig. 4B) . Specimens from the vehicle-treated mice did not show this increased macrophage accumulation. Dendritic cells, often associated with macrophages, function as effective antigen-presenting cells. 23 Tumor tissues were stained for dendritic cells using CD11c (Fig. 5A) . The results show increased expression of dendritic cells in the group treated with a combination of CPT-11 and CED of bevacizumab compared with that in the group treated with CPT-11 and IV bevacizumab; however, these differences were not significant (p = 0.064) (Fig. 5B) . It should be noted that CD11c can also identify a subpopulation of macrophages. 34 These data indicate that an intense inflammatory response may be taking place in the tumors treated with CED bevacizumab plus CPT-11, which suggests that the inflammatory response may contribute to a delay in tumor progression.
discussion
In this study, we addressed the question of whether there were differences in survival between animals treated with bevacizumab administered by CED or systemically (IV) and how effective bevacizumab as a monotherapy was compared with combination therapy with irinotecan. The results demonstrate that bevacizumab, when given via CED, is more effective than IV administration in increasing survival. Furthermore, in combination studies, CED of bevacizumab together with the chemotherapeutic agent
FIg. 2. CED of bevacizumab enhanced survival. A: Animals bearing
U251 tumors were given vehicle control with immunoglobulin G, irinotecan (CPT-11), IV bevacizumab, or CED bevacizumab as a monotherapy or IV bevacizumab plus irinotecan or CED bevacizumab plus irinotecan as a combination therapy. Kaplan-Meier analysis shows that CED of bevacizumab significantly increased survival (p < 0.02) compared with IV administration when the agent was administered alone. Combination therapy of CED bevacizumab and irinotecan was also significantly more effective than IV bevacizumab and irinotecan (p < 0.002). B: Animals bearing U87 tumors were given vehicle control or IV bevacizumab plus irinotecan or CED bevacizumab plus irinotecan as a combination therapy. The Kaplan-Meier analysis shows that combination therapy with CED of bevacizumab and irinotecan was significantly more effective than IV bevacizumab and irinotecan (p < 0.002).
irinotecan was the most effective for survival. We investigated the potential mechanism of this delay in tumor growth.
The rationale for using antiangiogenic therapy for gliomas is apparent because of the highly vascular nature of these tumors. Clinical trials of bevacizumab found that, as a monotherapy, bevacizumab showed improved progression-free survival in newly diagnosed gliomas. 31 However, no significant overall increase in survival was reported. 12, 31 VEGF, also known as vascular permeability factor, is critical for the maintenance of tight junctions in the bloodbrain barrier. 18 Gliomas produce high levels of VEGF, which results in increased vascular permeability and subsequent perivascular edema; bevacizumab therapy reduces vascular permeability. Reduced permeability causes tumors to go from gadolinium enhancing to nonenhancing and thereby appear to shrink. Tightening the blood-tumor interface with bevacizumab results in a reduction in steroid dose and dependency on a long-term basis. 19 Clinical observations have suggested that reduced brain edema in these patients adds significantly to disease-free survival. Thus, bevacizumab functions to decrease edema and increase vascular regression.
Recent evidence 18 has suggested that the effects of bevacizumab treatment may be a result of the "normalization" of blood vessels, as defined by changes in endothelial cell morphology and reduction in vascular permeability. 18 The hypothesis is that the positive effects of this normalization of blood vessels enable increased blood flow in the tumor vessels and thereby enhance the distribution of chemotherapy. In our studies, we observed that CED of bevacizumab caused enlarged, dilated blood vessels (data not shown), which also may enable more chemotherapeutic agents to enter into the tumor in a manner other than normalization. Bevacizumab may have a direct therapeutic effect on tumor vasculature; we show here, and others have reported, that bevacizumab can be effective as a monotherapy, 4, 9, 31 which suggests that the effects of bevacizumab can be independent of chemotherapy. However, because combination therapy with bevacizumab is more effective than monotherapy, the normalization of vessels is important but only partly responsible for the effects of bevacizumab therapy. To obtain the benefits of vascular normalization from bevacizumab, combination therapy with cytotoxic agents would be most useful. There is some controversy over bevacizumab toxicity in glioma cells. Studies have shown that there is no direct effect on glioma cell proliferation. However, at medium and large doses, bevacizumab triggers vascular regression, decreased tumor growth, and prolonged survival. 31 Recent reports indicated that bevacizumab signals through the Akt and Erk signaling pathways. 27, 28 Recent evidence suggests that glioma stem cells produce VEGF and interact with the vasculature, 3 which indicates that bevacizumab may regulate the survival of tumor stem cells. Gliomas have been shown to secrete VEGF and express VEGFRs, although these receptors are most prominently expressed on endothelial cells. 25 Although there is a clear understanding of VEGFR expression on endothelial cells, there is currently no clear consensus on VEGFR expression in tumor tissues. 15 VEGF acting in a paracrine manner may be responsible for tumor cell survival, migration, and invasion. 29 Thus, bevacizumab functions directly on the tumors and on tumor vasculature 13 . Therefore, CED of bevacizumab may have a greater effect on gliomas than IV bevacizumab. In this study, the levels of VEGF in the different groups were ImageJ analysis of these tissues shows that macrophage density in tissue from animals treated with CED bevacizumab and CPT-11 exhibits higher numbers of positive cells than those from animals treated with IV bevacizumab plus CPT-11 (n = 2 each for the vehicle and CPT-11 groups; n = 3 each for the IV bevacizumab, CED bevacizumab, IV bevacizumab plus CPT-11, and CED bevacizumab plus CPT-11 treatment groups).
not accessed because staining with anti-VEGF produced high background staining (data not shown).
Clinical evidence has shown that halting bevacizumab treatment for more than 2 weeks causes a resurgence in tumor growth and extensive blood vessel regrowth within the tumor. 22, 35 This tumor expansion has been attributed to several factors. Blocking VEGF activity has been shown to increase tumor cell invasion into the normal brain. 20 Enhanced invasion is the result of the upregulation of enzymes responsible for the breakdown of extracellular matrix, such as MMP2, MMP9, and TIMP-1. 20 Enhanced invasion of tumor cells has also been attributed to migration into normal brain along the empty basement membrane sleeves left by the regressed blood vessels. 1, 22 Bevacizumab therapy has been associated with the gliomatosis-like diffuse and distant spread of recurring tumors. 33 Our data with direct CED suggests that local delivery has less of an impact on gliomatosis. Thus, systemic administration may be effective in reducing tumor size but not in reducing tumor cell infiltration.
Systemic bevacizumab toxicity, including poor wound healing, hemorrhage, hypertension, proteinuria, bowel perforation, and fistula formation, is well known in clinical practice. However, these complications are often related to chronic bevacizumab infusion. Local delivery of bevacizumab also did not induce hemorrhage in the brain or in tumors and did not result in poor healing. We did not detect problems with hypertension, proteinuria, or bowel perforation in the mice treated with CED bevacizumab. A serious adverse effect of bevacizumab is an increased risk of thrombotic events. Our studies show that CED did not have this effect on the cerebral vasculature. Drugs administered through CED in human patients has been shown to be an effective way of achieving a high concentration of drug within the tumor. Because of the heterogeneity of the tumor itself, the vascularity of the tumor, and the differences in the blood-tumor interface, the ability to deliver bevacizumab to a glioblastoma intravenously is probably highly variable between the necrotic zones of the glioblastoma compared with the peripheral contrast-enhancing regions. Reported problems with anti-VEGF therapy may be remedied by changes in administration protocols, such as switching to CED. Unfortunately, patients develop nonresponsiveness to bevacizumab. 26 The mechanism of nonresponsiveness is not well understood, but the current hypothesis is that with a constant decrease in VEGF in the tumor environment, other proangiogenic cytokines (e.g., fibroblast growth factor 2) are overexpressed, which leads to extensive resurgence of angiogenesis.
Although the results presented here are promising, there are still unresolved issues. First, IV bevacizumab has shown an impressive ability to decrease blood-tumor permeability, which leads to decreased enhancement with gadolinium, often referred to as a "super steroid." The degree by which CED of bevacizumab (versus IV bevacizumab) is able to decrease the blood-tumor barrier is not known. Unfortunately, we were unable to perform MRI scans of these rodent brains with or without gadolinium. Second, the CED/infusion schedule still needs to be determined. The Alzet pump allows for continuous osmotic delivery of bevacizumab into the tumor over a 28-day period. How the delivery protocol can be optimized as either a continuous or a pulsed delivery still needs to be determined. Moreover, the current limitations of CED (e.g., a catheter can be left in for only a certain period of time) are rate-limiting factors to this delivery system. Recently, an implanted pump that may be used for CED of drugs has been described. 32 
conclusions
In summary, the results of our studies show that CED of bevacizumab with or without irinotecan results in increased survival, decreased tumor blood vessels, and increased inflammatory cell accumulation in the tumors. Although we did not directly compare the adverse effects of bevacizumab given systemically (IV) with those of it given by CED, systemic adverse effects such as poor wound healing, hypertension, renal insufficiency, and deep venous thrombosis would be expected to decrease significantly after local CED. Further clinical studies using direct CED of bevacizumab in combination with cytotoxic chemotherapy should be considered for patients who have tumor progression while on high-dose temozolomide. Whether CED of bevacizumab can be used in long-term therapy may soon be addressed by the use of implantable programmable pumps currently in development. 5 Thus, the positive effects of bevacizumab on vessel reduction make CED of bevacizumab a more efficient and effective means of therapy.
